Introduction
Nitrogen oxides (NO x = NO + NO2) in the troposphere play an important role in tropospheric chemistry, mainly through the production of tropospheric ozone [Kroening and Ney, 1962; Crutzen, 1970] and the regulation of OH concentrations [Levy, 1971; Logan et al., 1981] . However, the relative importance of different sources of NOx to the global budget is still highly uncertain, especially in regions adjacent to anthropogenic emissions of NOx, although lightning and stratospheric injections appear to dominate remote regions. This paper uses the global atmospheric electric circuit to place limits on the amount of NOx produced by lightning (LNOx). This independent approach corroborates the first part of this study (Price et al. [ this issue], hereinafter referred to as PPP1) in which we used lightning physics together with estimations of global lightning activity [Price and Rind, 1992, 1993] 
Global Atmospheric Electric Circuit
It is well known that thunderstorms are electrified, but it is less well known that the fair weather atmosphere is also electrified. In 1752, Lemonnier discovered that the air above the Earth had a persistent electrical field which, in fair weather conditions, is directed downward and has an average magnitude of 130 V/m [Wormell, 1953; Chalmers, 1967; Israel, 1971] . 
Therefore in less than 10 min the Earth should lose its charge. Since this is obviously not the case, scientists proposed that there must be a generator that continuously replenishes the charge on the Earth's surface. Wilson [1920] was the first to suggest that the generator of this charge was related to global thunderstorm activity. A decade later, Whipple [1929] demonstrated that the diurnal fluctuations in the Earth's surface potential gradient observed over the oceans were well correlated with diurnal fluctuations in global thunderstorm activity. With the discovery of the ionosphere in the 1920s the description of the global electric circuit started taking shape. The overall picture is that of a spherical capacitor formed by a conducting Earth, a conducting upper atmosphere, and a leaky dielectric in between [Israel, 1971] (Figure 1 ). Currents are generated in regions of thunderstorms and electrified clouds. The currents above thunderstorms flow upward toward the ionosphere. At altitudes of approximately 60 km the ionosphere is regarded to be an equipotential surface, since at these altitudes the conductivity is so large that potential gradients are very small [Israel, 1971] . Therefore the currents flowing upward to the ionosphere from above thunderstorms spread globally in the upper atmosphere and return to the Earth in regions of fair weather (Figure la) . The equivalent electric circuit is shown in Figure lb , where global thunderstorms represent the battery in the circuit. To prove that this atmospheric electric circuit is truly global, measurements of the air-Earth current and the potential gradient at the Earth's surface have been made simultaneously at different locations around the globe, and the agreement with each other is quite remarkable [Muhleisen, 1971; Markson, 1985] .
It is important to realize that the energetic lightning strokes producing NO are only one fraction of the current in the global circuit. Thus knowledge of the electric circuit provides a strict upper limit to NO production. This paper endeavors to calculate that fraction of the current I in lightning strokes and hence an independent estimate of L NOx production.
Atmospheric Currents
It is now well known that under fair weather conditions the mean current density at the Earth's surface is approximately 2 x 10 -12 A/m 2, or 1000 A integrated over the globe [Chalmers, 1967; Israel, 1971; Roble and Tzur, 1986 ]. This fair weather conduction current is controlled by the intensity of electric currents generated in regions of thunderstorm activity (Figure la) . The conduction current above individual thunderstorms is estimated to be of the order 1 A [Blakeslee et al., 1989 ]. There are two main contributors to the global atmospheric currents: (1) cloud-to-ground lightning that brings primarily negative charge from the cloud to the ground and (2) point discharge or corona currents from pointed objects such as trees and buildings below electrified clouds. Point discharge occurs when electric fields of the order of kilovolts per meter at the surface below clouds result in exposed pointed objects going into corona. This implies that the local field near a conducting point reaches values necessary for ionization by collisions to occur. When the point is positively charged (in a negative potential gradient), as is the case underneath thunderstorms, electrons move toward the point and positive ions away. Therefore point discharge currents under thunderstorms further contribute to the negative charge of the Earth's surface.
Lightning Currents
To calculate the contribution of cloud-to-ground (CG) lightning to the global electric circuit, one needs to know the frequency of global CG strikes and how much charge is deposited on the Earth per flash (I = Q/t). Since no global data sets of CG flash frequencies exist, a method has been developed to approximate global CG lightning distributions and frequencies using readily available satellite cloud data [Price and Rind, 1992, 1993 ; PPP1]. This method uses two parameterizations to calculate both total lightning frequencies and the fraction of the total lightning that is cloud to ground (see PPP1). The method utilizes global cloud data sets provided by the International Satellite Cloud Climatology Project (ISCCP) [Rossow and Schiffer, 1991] . The global distribution of lightning using this method is shown in our accompanying paper (PPP1, Plate 1). Using observed cloud data for the months of January and July 1988, the global mean simulated CG lightning frequencies for these months are 19 and 30 flashes/s, respectively. The intracloud lightning frequencies for these months are 52 and 71 flashes/s, implying that CG flashes make up approximately one third of the total global lightning frequencies.
It should be noted that intracloud (IC) flashes do not contribute to the currents in the global electric circuit. The IC flashes just tend to short-circuit the "batteries" in the circuit (see Figure lb) Table 1 and include the contribution from the continuing cur- (Table 1) .
Point Discharge Currents
The point discharge current (Ii•r•) has been studied extensively by Standler and Winn [1979] . They estimated that when the electric field exceeds a few kilovolts per meter at the surface, point discharge is initiated resulting in an observed mean current of 10 -9 A/m 2 below electrified clouds. Evidence exists that nonthunderstorm clouds can also be electrified, especially nimbostratus and stratus clouds [Dvali, 1959; Chalmers, 1967] . It also appears that often these clouds have similar charge structure in the clouds, resulting in negative charge near the base of the clouds and positive charge centers near the tops (Figure la) . Very little data are available on electrified nonthunderstorm clouds. However, because of the long life and large areas covered by these clouds, they could potentially play a significant role in the overall point discharge currents that constitute the fair weather current. Although not an important source of NOx, it is essential to consider this source of current in the global electric circuit. Jacobson and Kn'der [1978] have shown that as a result of objects on the Earth's surface going into corona, the electric field cannot increase above 10 kV/m. In fact, the point discharge current is more dependent on surface characteristics than the electric fields below cloud base. For this reason the point discharge currents below stratiform clouds are assumed to be of similar magnitude to those below deep convective thunderstorms. Although the point discharge current can be highly variable, depending on the surface type, we assume a mean global value of 10 -9 A/m 2 under all electrified clouds [Standler and Winn, 1979] .
To calculate the contribution of point discharge to the global currents, we need to know what area of the Earth is covered by electrified clouds. Since both deep convective clouds and low stratiform clouds (stratus and nimbostratus) are assumed to be electrified and therefore contribute to the currents flowing in the atmosphere (Figure la) , we need to consider the area coverage of both cloud types. To establish the area coverage of electrified clouds, we analyzed global cloud data from the 
Atmospheric Conductivity
The electrical conductivity of the atmosphere was first established by Linss in 1887. The conductivity is proportional to the number and mobility of ions, the mobility being defined as the velocity an ion would have in a field of 1 V/cm. Small ions, consisting of clusters of 10-30 molecules [Israel, 1971] 
where ra,r, is the resistance below/above storm i.
Using Table 1 . Given the abUve value of r and the previously calculated values of the conduction currents, we can also calculate the potential between the ionosphere and the Earth's surface (Figure lb) , known as the ionospheric potentiai (VI) ( Table 1) 
Energy
Although, ideally, we would like to calculate the energy from lightning using the lightning channel currents and conductivity (resistance), these parameters are very poorly known. In particular, the conductivity of a lightning channel can vary by 11 orders of magnitude during the first 5/zs of the discharge [Yos, 1963; Uman and Voshall, 1968 ; PPP1], which is a critical period for the NOx production. For this reason we prefer to use the fair weather current and resistivity to infer the energy available from global lightning for the production of NOx. The energy produced per unit time by CG discharges (Table 1) Table 1 . Therefore the total energy available from both cloud-to-ground and intracloud flashes can be calculated (Table 1) .
where Eto t is the total energy available for the production of NOx (J/s), t is the period of interest (s), P is the production rate (molecules NO/J), and C is a conversion constant equal to (14 g/mole)/(6.02 x 10 23 molecules/mole) or 2.33 x 10 -23 g/molecule. For January and July 1988 the monthly production rate of NO x is 1.2 and 2.1 Tg N/month (Table 1) , equivalent to an annual production rate of 14 Tg N/yr (January) and 24.6 Tg N/yr (July). As expected, the higher total available energy during July 1988 results in more NO x being produced during July compared with January. In comparison, the production rates found using the method in PPP1 gave 12 Tg N/yr (January) and 18 Tg N/yr (July). Reasons for these differences will be discussed below. (Figure 6 ). Although the mean annual values appear to be fairly similar in the two studies, the annual and interannual fluctuations are larger in this study using the global electric circuit. In the present study (PPP2) there are more free parameters that are allowed to vary from day to day and month to month. In PPP1 the total energy is calculated using E = Q V where V is constant throughout the study and Q is allowed to vary. Here the energy is calculated using E = I2R where both I and R can vary according to the frequency of lightning and the area covered by electrified clouds. Furthermore, the energy is proportional to 12, whereas in PPP1 the energy is a linear function of the current I. It is therefore understandable that the method presented here would show larger variability compared with the method in PPP1. By summing up the contribution from each month, we obtain the annual production rate for the seven complete years of the ISCCP data ( Table 2 ). The annual mean production rates vary from 10.3 to 14.7 Tg N/yr with a global mean annual production rate of 13.2 Tg N/yr. Once again the range in these values is larger than those obtained in PPP1, as explained above. However, the annual mean value for the eight years is in excellent agreement with that found using the method in PPP1 (12.2 Tg N/yr). In this study we use the global atmospheric electric circuit to estimate the total available energy from lightning for the production of NO x. The lightning currents flowing in the global electric circuit are generated only by cloud-to-ground (CG) lightning. However, as discussed in part I of this study (PPP1), we have shown that intracloud (IC) lightning has only 1/10 the energy of CG lightning and therefore does not contribute significantly to the NO x production. Nevertheless, we have included the contribution of IC flashes to the NO x production in our calculations.
To calculate the energy available from lightning using the global electric circuit, it is necessary to calculate the lightning currents and the global resistances in the global electric circuit (E = I2R). To do this, we needed to calculate the global frequency of CG lightning and the global area coverage of thunderstorms, which were done using the ISCCP cloud data sets. When the total energy deposited in CG strokes was derived, we applied a mean NO x production rate (10 x 10 •6 molecules NO/J) to calculate the global NO x production on monthly, annual, and interannual timescales. The annual cycle appears to maximize in the northern hemisphere summer, with 1986 (an E1 Nifio year) indicating below-average NOx production. The annual mean production rate was found to be 13.2 Tg N/yr, with a range of 10.3-14.7 Tg N/yr.
The production rate of 13.2 Tg N/yr is in reasonable agreement with many previous studies; however, we believe this is purely fortuitous. Many of the previous studies have made two incorrect assumptions that tend to cancel each other. First, the energy per flash in previous studies has been underestimated (see PPP1), possibly because of the fact that often the total energy in a lightning flash is derived from the optical energy that represents less than 1% of the total energy [Borucki and Chameides, 1984] . Second, the global frequency of NO xproducing flashes has been overestimated in previous studies. Although there appear to be of the order of 100 flashes per second around the globe, 70% of these flashes are intracloud discharges, each with possibly 10% of the NOx-producing power of CG flashes. These two negating effects appear to have resulted in previous studies arriving at global estimates of L NO x production similar to the values obtained in this study.
There are a number of other possible sources of uncertainty in our study which need to be identified. Although the global calculations of lightning frequencies using the ISCCP data have been shown to be in good agreement with observations [Price and Rind, 1992] , there are problems with the available observations of global lightning used for verification. The detection efficiencies of the satellite-based sensors are uncertain [Turman and Edgar, 1982] , and the observations are made at only a few specific local times during the day [Orville and Henderson, 1986] . It is therefore difficult to know with certainty how well we are simulating global lightning distributions.
There is great need for better global lightning data. In par- For the NO x calculation using the global circuit, we also needed to know the area of thunderstorms around the globe. This information is obtained from the ISCCP data products, which has an arbitrary definition of deep convective clouds based on cloud top pressure and cloud optical depth. Changes in this definition could result in changes in the total area covered by thunderstorms as defined by the ISCCP data set. This would result in a change in the resistances calculated in the global electric circuit, hence influencing the total energy assumed to go into L NO x production.
The primary remaining uncertainty is the production rate of NO x per unit energy. In this paper we have not tried to improve this estimate, which is rather uncertain. The production rate may vary with altitude along the lightning channel, energy density, and atmospheric water vapor content, and it is not clear how the production rate may vary as the total energy changes. Is the production of NO x linearly related to the energy? Would inclusion of water vapor in the theoretical and laboratory measurements result in significant enhancements of NO production [Peyrous and Lapeyre, 1982] 
